The synthesis of copper(II) salicylaldiminato complexes and their application in the catalytic hydroxylation of phenol is reported. Tetracoordinated copper complexes (Cu(L n ) 2 ) were obtained by reacting the N-phenylsalicylaldimine ligands (HL 1 -HL 7 ) with copper acetate in a 2 : 1 mole ratio. The reaction of N- (2, ) with copper acetate in a 1 : 1 mole ratio afforded a dinuclear complex, which was not obtained with the other ligand systems. All complexes were characterized using FT-IR and elemental analysis. X-Ray crystal structures of complexes 2, 5 and 8 have also been obtained. The catalytic activity of these complexes was evaluated in the hydroxylation of phenol using oxygen and hydrogen peroxide as co-oxidants in aqueous media in the pH range 3 -6. All complexes studied were found to be active for the hydroxylation process over the pH range studied with higher selectivity for catechol formation.
Introduction
Due to environmental concerns there has been an increase in the demand by industry to introduce processes which are environmentally and economically sustainable. As a result much attention has been focused on developing catalytic processes, which utilize cheap, abundant and non-toxic oxidants such as dioxygen and hydrogen peroxide. Over the past decade there has been an increase in the interest in transition metal complexes based on porphyrins, phthalocyanines and Schiff bases. These complexes are widely used as peroxidase mimics [1 -3] and have been employed to study the oxidation of phenol using hydrogen peroxide as oxidant. Currently the oxidation of phenol with hydrogen peroxide is of significance since the process provides an environmentally friendly means of obtaining the dihydroxybenzenes, hydroquinone (HQ) and catechol (CT), which are widely used as raw materials in the agrochemical and fine chemical industries. There are a number of industrial processes for the production of these dihydroxybenzenes, however the 0932-0776 / 07 / 0300-0331 $ 06.00 © 2007 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com catalytic systems employed are environmentally hazardous. Poor selectivities are also obtained and a significant amount of tar material is often produced. Recently catalysts based on zeolites [4, 5] have been developed to improve the selectivies and the economical viability of this process. Although a commercial process has been developed employing these zeolite catalytic systems [6] , the utilization of these catalysts industrially has been limited by their complicated synthetic route and the associated high cost. In this paper the synthesis of copper(II) salicylaldiminato complexes 1 -8 is described and the catalytic activity of these complexes evaluated in the hydroxylation of phenol to HQ and CT using oxygen and hydrogen peroxide as co-oxidants in aqueous media.
Results and Discussion
All Schiff base ligands were synthesized according to a well-established synthetic procedure which involved the condensation of a substituted salicylaldehyde with the appropriate aromatic amine [7] . Ligands Table 3 . Crystallographic data for 2, 5 and 8.
Scheme 2. Synthesis of the dinuclear complex 8.
were obtained as pale yellow to orange yellow solids in good yields. Structural data for the ligand systems HL 1 -HL 7 and copper complexes 1 -8 are provided in Tables 1 and 2 , respectively. The mononuclear tetracoordinated copper(II) complexes 1 -7 were quite readily obtained via a 2 : 1 mole equivalent reaction of the appropriate ligand with copper acetate. The reaction of HL 7 in a 1 : 1 mole ratio with copper acetate afforded the dinuclear complex 8. Similar bimetallic species were not obtained with the other ligand systems. The formation of bimetallic species has been reported in the cases where bi-and tridentate salicylaldimine ligands were reacted with metal halides, nitrates and perchlorates [8] . Alkoxy bridged dimers containing iron [9] and zinc [10] have also been reported recently.
IR Spectra
A broad band is observed in the range 2800 -3000 cm −1 in the IR spectra of the free ligands under investigation. This band is attributed to the O-H stretching vibration. The occurrence of the band at such a low wavenumber is characteristic of these ligands and is an indication of fairly extensive hydrogen bonding [11] . The C=N band is observed in the region 1613 -1625 cm −1 for the free ligands, but is shifted Table 4 . Selected bond lengths (Å) and angles (deg) for the core of 2.
Fig. 1. The molecular structure of 2 and atomic numbering scheme adopted. Cu (1) is situated on a crystallographic centre of symmetry.
to 1602 -1614 cm −1 in the spectra of the copper complexes, which indicates coordination of the azomethine nitrogen atom to the metal [12] . Coordination of the ligand to the metal is further confirmed by the shift in the phenoxy C-O stretching vibration from 1269 -1279 cm −1 to a higher frequency upon M-O coordination.
X-Ray crystallography
The crystal structures of complexes 2, 5 and 8 are shown in Figs. 1 -3 , respectively. X-Ray crystallography revealed the Schiff base ligands to coordinate in a bidentate fashion with two ligands coordinating to one copper centre for both complexes 2 and 5. However, the ligands of complex 2, which contain iPr substituents on the imino-bound aromatic ring, are coordinated in a trans arrangement whereas the ligands of complex 5, which do not contain substituents on the imino-bound aromatic ring coordinate in a cis arrangement. Similar results have been obtained with cobalt analogues of this type of ligand systems [13] . The crystal structure of complex 8 revealed coordination of one ligand per copper centre with an acetoxy and a hydroxy group bridging between the two copper centres. Note: In 2, Cu is situated on a centre of symmetry so that Fig. 2 . The molecular structure of 5 and atomic numbering scheme adopted. Cu(1) is situated on a crystallographic twofold axis. Table 6 . Selected bond lengths (Å) and angles (deg) for the core of 8. Tables 3 -6 .
Catalyst evaluation
The hydroxylation of phenol catalyzed by complexes 1 -4 and complex 8 was studied in deionized water in the pH range 3 -6 using appropriately buffered solutions. All reactions were performed under an oxygen atmosphere using 6 % H 2 O 2 as co-oxidant. A substrate to metal ratio of 100 : 1 and a 1 : 1 mole ratio of phenol to H 2 O 2 was used for all reactions. Results for the hydroxylation reactions performed are shown in Table 7 .
Catalyst activity
All the complexes evaluated were found to be active for phenol hydroxylation. The catalyst activity was tested over a range of pH values in order to evaluate to what extent the acidity of the medium affects phenol conversion. It was found that the complexes perform better at moderately acidic pH values. The highest phenol conversion (77 %) was obtained with complex 8 at pH 6. This however is only slightly higher than the conversion obtained for the other complexes at similar pH values. Reactions were also attempted in alkaline media, but these showed no phenol consumption. The results obtained are in agreement with what has been reported in the literature for other metal-mediated phenol hydroxylation processes [14] . The results can be explained in terms of the generally accepted reaction mechanism for the oxidation of aromatic hydrocarbons [15] .
The accepted reaction pathway can basically be summarized by the steps outlined in Scheme 3.
Our results are in general agreement with what has been reported in the literature. Thus the effectiveness of the hydroxylation process in acidic media can be explained in terms of some of the steps outlined in Scheme 3. Acidic media enhance the metal-mediated decomposition of H 2 O 2 to the hydroxyl radical, which is an important species in the hydroxylation of phenol [16 -17] . The decomposition of the peroxide is shown in step 2 (Scheme 3). This step can clearly be enhanced in moderately acidic media by the removal Scheme 3. Proposed reaction pathway for phenol hydroxylation.
of OH
− anions from the reaction mixture. Conversely, at alkaline pH, the high OH − concentration shifts the equilibrium in step 2 to the left, thus lowering the hydroxyl radical concentration. This is what we observe, as all the catalysts are inactive at pH values above pH 7. We however found that too low a pH also has a detrimental effect on catalyst activity. Thus the catalysts are ineffective at pH 2 and below, with no phenol hydroxylation being observed. At such low pH values we have the possibility of step 1 in Scheme 3 being retarded. This ultimately has a negative effect on the production of the hydroxyl ions (step 2). In several of our experiments we found that the optimum pH was around 5 or 6.
We also attempted to perform the reactions in acetonitrile as solvent. In this case no oxidation products were observed for the catalyst systems evaluated. A possible reason for this is that in acetonitrile the generation of the hydroxyl radical is retarded as a result of coordination of the solvent to the metal centre. This prevents H 2 O 2 interaction with the active site and hin- ders the decomposition of hydrogen peroxide to the hydroxyl radical. Another potential problem could be the reaction of the organic solvent with any HO• radical, if it should form in the first place. Similar observations have previously been reported in the literature for processes in which organic solvents react with the active hydroxy radical [17] .
Catalyst selectivity
The major products observed under the conditions described were hydroquinone (HQ) and catechol (CT).
Chart 2. Effect of pH on hydroquinone : catechol ratio for catalyst 2.
Chart 3. Effect of pH on hydroquinone : catechol ratio for catalyst 3. In some instances minute traces of benzoquinones (BQ) were also detected. In almost all cases the catechol to hydroquinone ratio was around 2 : 1, with the exception of complex 1, which produces slightly higher levels of hydroquinone than the other catalysts. In the latter case the CT : HQ ratios are around 1.5 : 1. The predominance of catechol over hydroquinone is not unexpected for copper-mediated hydroxylations occurring via the free radical process. It has previously been reported that the hydroxylation occurs via a pathway which involves initial weak coordination of both Chart 5. Effect of pH on hydroquinone : catechol ratio for catalyst 8.
phenol and H 2 O 2 to the active site. The anchoring of the two reaction partners in close proximity leads predominantly to a cis arrangement, which in turn results in ortho-substitution of the phenol [18] .
Conclusions
Copper(II) complexes of N-phenylsalicylaldimine ligands were synthesized and the molecular structure of complexes 2, 5 and 8 were determined using single crystal X-ray crystallography. The crystal structure of complex 8 revealed the formation of a dinuclear copper complex while both 2 and 5 are mononuclear complexes with coordination of the ligands trans and cis, respectively. The catalytic activity of complexes 1 -4 and 8 were evaluated in the hydroxylation of phenol in aqueous media under pH-controlled conditions. For all catalysts the major products detected were HQ and CT although the catalyst appeared to be more selective towards the formation of CT. There was no significant pH effect in terms of catalyst activity and only a slight pH effect was observed favouring the formation of CT for all catalysts. For complexes containing substituents on the aromatic ring attached to the imino nitrogen atom, a slight steric effect was observed which favored the formation of CT.
Experimental Section
All chemicals were of reagent grade and used as received. All solvents were dried over the appropriate drying agent and distilled prior to use. Reactions and other manipulations were carried out using a dual vacuum/nitrogen line and standard Schlenk techniques unless stated otherwise. 1 H NMR (200 MHz) and 13 C NMR (50 MHz) spectra were recorded on a Varian XR200 spectrometer, using tetramethylsilane as an internal standard. Infrared spectra were recorded on a Perkin Elmer Paragon 1000PC FT-IR spectrophotometer as Nujol mulls using NaCl windows. Microanalyses were performed by the University of Cape Town Microanalytical Laboratory.
Synthesis of salicylaldimine ligands HL 1 -HL 7
To a methanol solution (15 mL) of the appropriately substituted 2-hydroxybenzaldehyde (12 mmol) were added formic acid (0.5 mL) and the corresponding aromatic amine (16 mmol). The resulting reaction mixture was stirred at r. t. for approximately 15 h. During this time a solid precipitated from the solution and was isolated by filtration, washed with cold methanol and dried under vacuum. The salicylaldimine ligands were obtained as light yellow to orange yellow solids in yields of 65 -93 %.
Synthesis of copper complexes 1 -8
Copper acetate monohydrate (0.5 mmol) and the appropriate Schiff base ligand (1 mmol) were refluxed in methanol (20 mL) for 4 h. During this time a solid precipitated from solution. The reaction mixture was cooled to 0 • C for approximately 15 min and the solid was isolated by vacuum filtration. Complex 8 was prepared using a 1 : 1 mole ratio of ligand HL 7 to copper acetate. Complexes were recrystallized by slow diffusion of ethanol into concentrated dichloromethane solutions of the complexes.
General procedure for the hydroxylation of phenol
A 12 place RADLEYS Heated Carousel Reaction Station fitted with a reflux unit as well as a gas distribution system was used to perform the hydroxylation reactions. In a typical reaction, phenol (1 mmol) and the appropriate catalyst (0.1 mmol) were placed in a 50 mL glass reaction vessel followed by the appropriately buffered solution which was saturated with oxygen (10 mL). The temperature of the reaction mixture was brought to 110 • C under an oxygen atmosphere and the mixture stirred at this temperature for 15 min. A 6 % H 2 O 2 (w/w) solution (1 mmol) was added and the reaction mixture was stirred at 110 • C under an oxygen atmosphere for a further 6 h. The reaction mixture was cooled to r. t. and a 1 mL sample withdrawn, filtered through a syringe filter and diluted 20 times. The consumption of phenol and the oxidation products obtained were analyzed with a HP 1090 Liquid Chromatograph unit equipped with a ZORBAX SB-C18 column of dimension 4.6 × 150 mm. The mobile phase used was a mixture of 0.1 % formic acid solution and acetonitrile.
X-Ray crystallography
Suitable crystals for X-ray analysis were obtained by slow diffusion of ethanol into dichloromethane solutions of the complexes 2, 5 and 8. Crystals of the complexes were mounted on glass capillaries and transferred to a Rigaku R-AXIS IIc diffractometer. Diffracted intensities were measured at ambient temperature, using graphitemonochromated MoK α radiation (λ = 0.71073Å) from a RU-H3R rotating anode operated at 50 kV and 90 mA. Ninety oscillation photographs with a rotation angle of 2 • were collected and processed using the CrystalClear software package. Empirical corrections were applied for the effects of absorption using the REQAB program under CrystalClear. The structures were solved by Direct Methods [19] and refined using full-matrix least-squares calculations on F 2 (SHELXL-97) [20] on all reflections, both programs operating under the WinGX program package [21] . Anisotropic thermal displacement parameters were refined for all nonhydrogen atoms; the hydrogen atoms were included as a riding contribution. Structural illustrations have been drawn with ORTEP-3 for Windows [22] under WinGX [21] (Figs. 1,  2 and 3) .
Supplementary crystallographic data for this paper have been deposited at The Cambridge Crystallographic Data Centre [23] . 
